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PERFORMANCE CALCUEATJONS FOR 200-1000 MWo 
MllO/ STEAM POWER PLANTS* 

Poter 0. Staiger 
NASA Lewis Research Conier 
Cleveland, Ohio AAIJS 


Ab stract 

Tlio effects of MtO generator length, level of 
oxygen enrichment, and oxygen production power on 
the performance of MtiO/steam power plants ranging 
from POO to 1000 MW in eloetrical output are in- 
vestlgatodt The plants considered use oxygen en- 
riclied combustion air preheated to 1100* F, Both 
plants In which the Will generator Is cook’d with 
low temperature and pressure boiler feedwater and 
plants In which the generator is cook’d with high 
tomporaturo and pressure holler feedwater are con- 
sidered. It is shown that fe“ plants using low 
temperature boiler feedwater for generator cooling 
the maximum thermodynamic efficiency 1s obtained 
with shorter generators and a lower level of oxy- 
gen enrichment compared to plants using high tem- 
perature boiler feedwater tor generator cooling. 

It is also shown that the generator length at 
which the maxlniuin plant efficiency occurs In- 
creases with power plant size for plants with a 
generator cooled by low temperature feedwater, 

Also sliown Is the rolntlonslilp of the magnet 
stored energy requirement to the generator length 
and tl\o power plant performance, Possible 
cost/performance tradeoffs between magnet cost and 
plant perfurinance are Indicated, 

i nti'o duc.tton 

Recent cost/perfurmance studios such as the 
"Parametric Study of Potential laiiy Commercial 
Midi Power Plants" (PSPEC)l“3 have helped to 
Identify plant configurations using oxygen en- 
riched air preheated to an Intermediate tempera- 
ture as most attractive for an early commercial 
MiiD/steam plant. Such a plant at a s1?e of about 
loot) MWe Is being considered In more detail In tlie 
"Conceptual Design Study of Early Coninordal MiiO 
Power Plant" (CSPEC),’'*!’ In a previous 
paper, h the effect of generator length on the 
performance, optimum level of oxygen enrichment, 
and magnet stored energy requirement of a 1000 MWe 
plant with 1100* F preheat was considered, Cal- 
culations were made for generator lengths of 10, 
15, ?0, and 25 meters, It was found that the 
optimum enrieltment level was about 35 volume per- 
cent oxygen at all these generator lengths. The 
■power plant efficiency Increased with generator 
length as did the magnet stored energy required. 
However, It was shown that using a shorlc’r length 
generator to limit magnet costs imposed only a 
modest penalty on tlio plant porformance. 

In the present study the methods of this 
previous paper are used to investigate power 
plants with power outputs of 200 to 1000 MWe. In 
addition, one other Important effect Is Investi- 
gated. The type of construction contemplated for 
tl\e MHO generators whiclt would bo used in early 
commercial plants limits the maximum temperature 
Of the water used to cool the generator to about 
250* to 300* F.1 i 2 If the generator lioat loss 
is recovered by cooling the'generator with boiler 
feedwater from the steam bottoming cycle, this 
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temperature limitation requires displacing low 
pressure regenerative feedwater heaters which 
could otherwise bo used. This means that the 
efflcioticy of the bottoming steam cycle Is ad- 
versely affected, tuo more so the greater the gen- 
erator heat loss. Using such tow temperature gen- 
erator cooling significantly modifies the results 
given In the previous paper where a constant 
bottoming cycle efficiency was assumed. The re- 
sults given there apply to the case when tlie MhD 
generator Is cooled with boiler feedwater at a 
temperature higher than tlio tomperaturo of the 
feedwater leaving the final regenerative feedwater 
heater. Such high temperature generator cooling 
Is also considered In this paper over the range of 
plant sizes so that comparison between the two 
cooling methods can be made, 

Analysis Method 

The power plant performance and design param- 
eters used In this study are listed 1n Table 1. 

The combustor operating conditions, namely the 
heat loss of 5 percent of the coal higher heating 
value (HHV) and the 80 percent slag rejection, 
were assumed to be the same for all the plant 
sizes considered. The seed material was a ’si-xturs 
of potassium carbonate and potassium sulfate in a 
proportion sufficient to meet NSPS omission stan- 
dards' and in amount sufficient to give the 
specified coal to potassium weight ratio. For the 
Montana Rosebud coal, tlie NSPS requires that SOx 
einlssions ho reduced by 70 po*'cent over the un- 
controlled emission level. 

The MtiD generator performance was calculated 
by niothods described In previous papers. 5. 

The generator performance calculations were per- 
formed with a quasi-one-dlmenslonal flow model. 
This model consists of an inviscid central core 
flow with developing boundary layers along the 
walls. Tim generators are Faraday loaded and are 
lofted to operate at an approximately constant 
Mach number, Tlie electrode voltage drops are 
assumed to be n quadratic function of the boundary 
layer displacement thickness. The values of the 
constant coefficients wore seloelod to give an 
axial voltage drop distribution similar to that 
used in the Avco PSPEC- reference plant no. 3,* 

The generator operating conditions were 
chosen by a procedure whicli ensures that the gen- 
erator will produce the maximum power consistent 
with a specified sot of Internal generator con- 
straints and consistent with maximizing the per- 
formance of tlie power plant as a whole, This 
procedure, which 1s briefly described below, was 
carried out for each combination of generator 
length, oxygen enrlclimmit level and power plant 
size considered In this study. For each such coni- 
blnatfon and for each pressure 1n a range of inlet 
stagnation pressures, the minimum value of the 
load parametor (Khih) wa»5 adjusted until the 
desired generator length and exit pressure were 
obtained. For each Inlet pressure, the resulting 



generatoi* dpsign operatps at the specified f'aci) 
number and at two of several specified limiting 
values of generator parameters at every axial 
Ineation. The two limiting values are selected 
from among Khin and those listed in Table 11 
so that the local power density is a maximum, 

The generator Inlet stagnation pressure for 
each eombinatlon of generator lenglli, oxygon en» 
rlehment level and plant size under consideration 
was tbon chosen so that the power plant thermo- 
dynarale efficiency Is maximized. The power plant 
thermodynamic efficiency is defined as the gross 
AC power output of the power plant divided by the 
higher heating value of tlie coal input to the 
plant, “ It may be written as 

*'T " K ” ’’p ^ * ^’s ~ 

r 

where 

Pp is the power in the fuel input to the plant 
based on Its higher heating value; 

Pn is niPpi •> Pg! the net power of the 
Mlin topping cycle for specified mass 
flows of coal, seed, and oxidizer; 

I'M is the MUD geheralor DC output; 
n; is the efficiency of the DC»AC invertor; 

Pc is the power required to drive the cycle 

Gompressor; 

Pp is the sum of stack losses and other losses 
and also includes the power rogulred for 
coal drying; 

Pj is the power in the seed associated with 
converting it from kpCiij to KpSOg; 

Pq Is the power used to drive tlie air separa- 
tion plant compressors; and 
ns is an effective efficiency of the comblna- 
tion of the steam turbine-generator cycle 
and the steam turbine-cMpressor cycles 
given by 

” Pc;" p« 


where 

ns, lit, are, respectively, the ePiciencies of 
lip the steam turbine-generator cycle and 

of Uu' steam turbine cycles that 
drive the fSiD compressor and the. air 
separation plant compressor. 

Pg is the net steam turbine-generator elec- 

trical output. 

The desired power plant gross AC electrical output 
Pt « njP^, 1' Pq 

is obtained by adjusting the mass flow rate 
llirough the Mip generator. 

If the effective bottom cycle efficiency, 
n$, is constant, then for a given level of oxy- 
gon enrichment and a given MhD generator mass flow 
rate the above exprosiion shows that the thermo- 
dynamic efficiency is a maximum if the net MiD 
power, Pm, is a maximum. Several previous stud- 
ies have used this erlterlon to determine the 
operating pressure for given generator 
lengths.t’.y in the present study ns varies 
with the generator heat loss in the cases in which 
the generator is cooled with low temperature 


boiler feedwater, for this reason the plant 
Ihermodynainit efficiency is calculated for the 
entire range of inlet pressures rather than for 
only the pressure selected by the maximum Pm* 

Tlie desired operating pressure is then the pres- 
sure corresponding to the maximum efficiency. 
However, since large variations in n$ are pri- 
marily a result of changes in gonorator length and 
oxygen enriihraent level, the maximum I'm proce- 
dure still gives very good results for the optimum 
pressure for a fixed generator length and oxygen 
enrichment level, 

The bottoming cycle pertorraanee was calcu- 
lated using ,t steam cycle computer codo.io At 
each plant size, except for the feedwater heater 
arrangement, the basic cvcle configuration and 
metbod of integration with the topping cycle was 
kept fixed as the generator length and level of 
oxygen enrichment were changed, Minimum tempera- 
ture differences were mafntained between the gas 
and steam sides in all cases, A fixed MmD genera- 
tor cooling wator out’et temperature was main- 
tained for" the low temperature feedwater cooled 
cases. Tlie feedwater heater train upstream of the 
generator cooling was varied to moot this condi- 
tion as the generator heat loss changed. Either 
the number oi feedwater heaters In this portion of 
the tram or their operating conditions were var- 
ied as netestary, for the bottoming cycles con- 
sidered ie this study, the mmther of feedwater 
heaters prtceedlng the generator cooling can vary 
between none ami two, At each plant size the cal- 
culated bottoming cycle perfomance is tbon a 
lunetloii 01 the iieat added to tlie bottoming cycle, 
the Mho generator heat loss, the work required by 
the eyrie and air separation plant (ASU) compres- 
sors, the gas side mass flow rate, and the coal 
mass flow rato. Of those factors, tlio MuD genera- 
tor heat loss has by tar the largest Influence on 
tno bottoming cycle efficiency, Figure 1 illus- 
trates the variation in bottoming cycle efficiency 
for the bOd MW plant as a function of the MiiO gen- 
erator beat loss when the remaining factors dis- 
cussed above are held fixed. 

The bottoming cycle configuration for the 
POD MW plant Is based on that developed for the 
NhD Ingineering Test Facjlity (EIF) by Gilbert 
Associates, Inc. (GAIl.ll This is an 
llHHi psig/jlH)0’ F/lPDO* F cycle with a 2 in liga 
condenser pressure, The turbine which drives the 
compressors is driven with reheat ste,ira, For the 
purposes of this shidy the cycle and ASU compres- 
sors are assumed to be driven by a single tur- 
bine. The feedwater train includes from throe to 
five feedwater heaters, the generator cooling, and 
two economizers, The MHO generator cooling water 
Outlet temperature Is held at ttio PGO F limit 
used by GAl. The cycle has been adjusted for a 
stack temperature of ?S 0 * p, 

The bntuwiing cycles for the bOO MW and 
1000 MW p Units are based on the Avco CSPEC bottom- 
ing cyclo.'l This is a im psig/lOOb' F/1000* F 
cycle with a condenser pressure of 2 In Hga. The 
cycle compressor and the ASU compressor are driven 
by a single turbine fed by main throttle steam. 

The feedwater train includes from six to eight 
feedwater heaters, the generator cooling, and two 
oeonomtzers, The MiO generator cooling water out- 
let temperature is held at the 2ht)* F limit used 
by Avco. 


Results 

In Fig, 2 are plots of the power plant 
thermodynainle efficiency versus oxygen enrichment 
level for each of the three power plant sizes con- 
sidered, Each plot gives results for generator 
lengths of 10, 15, and 20 meters and for MHO gen- 
erator cooling with low temperature boiler feed- 
water and with high temperature boiler feedwater, 
The plots are for an oxygen productlun power re- 
quirement of 200 kW-lir/ton of equivalent pure oxy- 
gon, The 20Q MW plant results are for a Mach nua>- 
ber of 0,9, which at this plant size gives slight- 
ly better performance than the Mach number of 0.8 
used for the other sizes, The results show that 
for high temperature generator cooling the plant 
performance increases with generator length for 
all the plant sizes considered, The optimum level 
of oxygen enrichment 1s about 35 volume percent 
oxygen 1n all cases. This Is In agreenient with 
previous results, although tliere are some 
differences In the assumed generator and plant 
operating conditions and constraints among the 
"present and previous studies. 

The results for generators cooled with low 
temperature boiler feedwater are significantly 
different. In this case smaller plant sizes favor 
progressively shorter generators. The maximum 
plant efficiency occurs at a lower level of oxygen 
enrichment, at about 31 or 32 volume percent oxy- 
gen. These effects are the result of the genera- 
tor heat loss Increasing in relation to the power 
generated as tlie mass flow through the generator 
is decreased, the generator lengtli increased, or 
the level of oxygen enrichment Increased, The 
first of these factors accounts for the increasing 
separation of the evrves for tiie two different 
generator cooling methods as the plant size de- 
creases, It also accounts, together with the sec- 
ond factor, for the dominance of the shorter gen- 
erators at the smaller plant sizes, The third 
factor results In the peak efficiency for the low 
temperature cooling method occurring at a lower 
level of enricliment. 

The next figure, Fig. 3, plots the magnetic 
energy stored in the MtiQ generator volume versus 
tlie plant thermodynamic efficiency at optimum en- 
richment for various generator lengths and oxygen 
production power requirements for each of the 
three plant sizes, Only the low temperature gen- 
erator cooling cases are shown, The 200 kW-lir/ton 
points correspond to data included in the previous 
figure, namely tlie maximum thermodynamic effi- 
ciency as a function of generator length. The 
figure shows that from a performance point of view 
the aptimum generator length increases with 1n- 
eroasing plant size at a given level of oxygen 
production power. (The figure of <17 kW-hr/ton 
corresponds to the thermodynamic minimum air sepa- 
ration work). This figure indicates possible 
tradeoffs butween the generator length as It 
affects magnet cost and as it affects plant per- 
formance. It is dear tliat from this standpoint 
there Is no Incentive for going to generators 
longer than 10 meters for a 200 MW power plant, at 
least for the generator and plant operating condi- 
tions and constraints assumed in this study. At 
the larger plant sizes it is dear that in many 
cases the plant efficiency at the optimum genera- 
tor length is not significantly greater than at 
shorter lengths. In these cases it Is likely that 
the efficiency gain possible with a longer genera- 
tor 1s not worth the increased magnet cost result- 


ing from a significantly greater stored energy 
requirement. 

Figure 3 aUa shows the penalty Imposed on 
the plant efficiency by the power required to pro- 
duce the oxygen. Many current air separation 
plants require about 300 kW-hr/ton of equivalent 
pure oxygen. Air separation plants with a power 
requirement approaching 200 kW-hr/ton are in 
operation in Europe, This power requirement 
may be taken as representing air separation plants 
that could be available for an early commercial 
MnO/steain plant. The figure also shows that con- 
siderable gains in plant performance are possible 
If the ASU power requirement can be lowered below 
200 kW-hr/ton, 

Figure 4 shows the maximum plant thermo- 
dynamic efficiency (the efficiency at optimum en- 
richment) as a function of net plant power output 
for the conditions considered in this study. 

Curves are shown for both the low temperature and 
high temperature feedwater cooled generator cases 
for different generator lengths, The plant per- 
formance Is dearly less sensitive to generator 
length for the low temperature feedwater cooling 
cases. The small clmnge In performance with 
changes 1n generator length again indicates the 
inportance of choosing the "correct" generator 
length to avoid a higher than necessary magnet 
capital cost, 

Conclusions 

The results of this study have shown that the 
MHO generator length and level of oxygon enrich- 
ment which give the maximum plant effldvincy de- 
pend strongly on how the HliD generator Is coded. 
If the generator is cooled with high temperature 
boiler feedwater, the plant thermodynamic effi- 
ciency increases with generator length over the 10 
to 20 meter length range considered. If the gen- 
erator is cooled with low temperature boiler feed- 
water, tim plant thermodynamic offldeney reaches 
a maximum value at some generator length within 
approximately this range. The optimum generator 
length increases with plant size, The level of 
oxygen enrichment at whicli the maximum plant effi- 
ciency occurs does not depend strongly on plant 
size, but is 3 to 4 volume percent of oxygen lower 
for the cases in which the MHO generator is cooled 
with low temperature boiler feedwater. 

The results also show the relationship be- 
tween the required magnet stored energy, the gen- 
erator length, and the power required to produce 
oxygen. The cost of the magnet depends strongly 
on its stored energy. The results show that in 
many cases consideration can be given to reducing 
the MhD generator lengtli to less than Its optimum 
with only a small penalty in plant efficiency but 
with a potentially largo reduction In magnet capi- 
tal cost. The results also show that the plant 
efficiency depends strongly on the power required 
to produce oxygen and that there is a strong In- 
centive to lower this requirement as much as 
possible. 


3 


TABLt I . » HA.iOh CYCLE PARAMETERS 


R(>( oroiu.jjs 

1. Hals, F. A,, Pamiu’iru- Pf Potential 

Early Conmerctal MJiP Power Plants," Aveo 
Everett Research tahoratory, Inc., 
D«t/NASA/lH!l>l-/‘)/l, NASA CR-lis'lhJJ, Uecember 

im, 

2 . Marston, C, A,, Alyea, I, N., Bender, D. J., 

navis, L. K., lielhmitr, T, i:,, iiimt, J, ti., 
Komito, E. N., Peterson, l. A., 

Rogers, 0. A., and Roman, A, J., "Parametric 
Study of Potential Early tomineretal Mtip 
Power Plants (PSPEt)," tieneral Electric 
Company, POt'/NASA/OUb,’-/'J/J, NASA CH-1S90.W, 
February Id&l, 

4, Staiger, P, d, , and Abbott, o. M., "Suiipary and 

Evaluation of the Parametric Study of Poten- 
tial Early t'oramerclal Power Plants (PSPEC)," 
Seventh International Conference on Mtili 
Electrical Power Ueneration, Massachusetts 
Institute of Technology, Cambridge, 
Massachusetts, dune Ib-C’O, I9b0, 
pp. 041-028. Also LiUE/NASAf4b7<l-bO/9. NASA 
TM-aidy?, 1980, 

a. Hals, F. Am "Conceptual design Study of Poten- 
tial Early Cofloiereial Power Plant," Aveo 
Everett Research Laboratory, IhCm 
0OE/NASA/QObl-2, NASA CR-lbb,’46, March 1981. 

5, Marston, C. A,, Bender, D. et al., "Concep- 

tual Design study of Potential Early Com. 
niercial MHD Power Plant," Ueneral Electric 
Company, DOE/NASA/OObi-.', NASA lR-lt>b.!Jo, 
forthcoming. 

6, Plan, C. C. I’m Staiger, P, ami 

Selkel, G. R,, "Perfomame Calculations for 
1000 MWe NHO/StOiim Power Plants," Nineteenth 
Aerospace Sciences Meeting, American 
Institute of Aeronautics ana Astronautics, 

St. Louis, Missouri, January IC-lS. IdtU, 
OOE/fiASA/lO/h'l-U, NASA TM-HllsO?, Iffiil, 

7 , Now Stallonary Sources Performance Standards, 

Electric Utility Steam lieneratlng Units, 
Environmental Protection Auemy, federal 
Register, Vol. No. lU, Monday, 

Juno 11, ly/9, Part II, pp. JJbUO-JJblM. 

0. Plan, C. C. P.. Selkel, 0, R,, and 

Smith, J. M. , "Performance uptimuat Ion of 
an MHO Generator with Physical Constraints," 
Fourteenth Intersociety Energy Conversion 
Engineering Conference, Vol. C, American 
Chemical Society, Washington, U.Cm IP’R, 
pp. igjg«iy‘i4, 

y. Plan, C. C. I'm Staiger, P. J,, and 

Selkel, G. R., "MhU Performance Calculations 
with Jxygen Enrichment," Proceedings of the 
18th Syniposium on the Engineering Aspects of 
Magnetohydrodynamics, Montana State Univer- 
sity, Butte, NT, lg?g, P, G.P.Im abstract. 
See POE/NASA/ JbM-fy/A, NASA TM-?'1M0, ly/'i, 

10. Fuller, L. C. and Stovall, T. k., "I'sor’s 

Manual for PRESTO - A Computer Coue for the 
Performance oi Regenerative Superheated 
Steam Turbine Cycles," Oak Ridge National 
Laboratory, 0RNl.-65a?, NASA CR-1S95A0, July 
1979. 

11. Magnetohydrodynamic Engineering Test Facility, 

POO MWe Power Plant, Conceptual design Engi- 
neering Report, prepared for MhD-ETF Office, 
NASA Lewis Research Center, by Gilbert 
Associates, Inc. To bo presented. 

IP. Eholing, R. Wm Burkhart, J. A., ana 

Cutting, J. C., "Uxygen-Enricheu Air Produc- 
tion for MhO Power Plants," Proceedings of 
the 18lh Symposium on the Engineering 
Aspects of Magnetohydrodynam'lcs, Montana 
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Coal type Montana Rosebud 

Moisture content of coal delivered 

to combustor, percent . 5 

Oxidizer preheat temperature, F . 1100 

Combustor pressure, atm . , , Selected to maximize 

plant efficiency 

Combustor ox1dlzor«fuol ratio 
relative to stoichlomotric 0.90 

Cewsbustor slag rejection, percent 80 

Generator type Faraday 

Pota55lun!«coal mass ratio 0,08S9 

MhP generator inlet Marh number , . , 0.9 {200 Mwel 

0.8 (500, 1000 (Me 
Diffuser pressure recovery . , , . , 0.4 (200 MWe) 
eoofHcient 0.6 (SOO, 1000 MWe) 

Diffuser exit pressure, atm 1.0 

MHO generator lengtb, meters 10, IS, 20 

Cycle comprossor polytroplc efficiency . . , 0,90 

Sulfur removal by seed, percent 70 

Final oxld1zer-fuo1 ratio relative 
to stoichiometric l.OS 

Stack toniperature. F 250 

Steam-turbine cycle , . , . Dependent on feedwater 
efficiency, percent heater arrangement 

Air separation plant com- 
pressor power requirement, 
kw-hr/ton of equivalent 

pure oxygen added .... 300, 250, 200, 150, 47 
Pressure drop from comprossor 
exit to combustor exit, percent 
of compressor exit pressure 0.1 


TABLE n. - GENERATOR CONSTRAINTS 

Maxiinum ,ixial electric field, kV/in ...... 2.5 

Maximum transverse eloetrie field, kV/ni . . , 4.0 
Maximum transverse current density, A/cm2 . , l.Q 

Maximum Hall parameter . 4.0 

Maxiinum magnetic field, T 6.0 
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0 2 4 6 8 10 12 

MHD GENERATOR HEAT LOSS/ BOTTOMING CYCLE HEAT ADDITION. 

percent 

Figure 1. - Bottoining steam cycle efficiency as a function of the 
percentage of bottoming cycle heat addition contributed by MHD 
generator heat loss. MHD generator cooling water outlet tem- 
perature fixed at 260° F. Total heat addition Is 906 MW, com- 
pressor work Is 102 MW. Approximate power plant output for 
these conditions Is 500 MWe. 



Figure 2. - Power plant thermodynamic efficiency as a function of 
oxygen enrichment for different MHD generator lengths. Solid 
lines are for an MHD generator cooled with low temperature 
boiler feedwater; dashed lines, high temperature boiler feedwater. 
Oxygen production power Is 200 kW*hr/ton of equivalent pure 
oxygen. 
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MOLE PERCENT O 2 IN OXIDIZER 
(b) 500 MWe power plant. 
Figure 2. - Continued. 



MOLE PERCENT O 2 IN OXIDIZER 
(c) 1000 MWe power plant. 
Figure Z - Concluded. 
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